Background: Despite the potential to produce antibodies that can neutralize different virus (heterotypic neutralization), there is no knowledge of why vaccination against influenza induces protection predominantly against the utilized viral strains (homotypic response). Identification of structural patterns of the B cell repertoire associated to heterotypic neutralization may contribute to identify relevant epitopes for a universal vaccine against influenza.
Methods: Blood samples were collected from volunteers immunized with 2008/2009 trivalent inactivated vaccine (TIV), pandemic H1N1 (pdmH1N1) monovalent inactivated vaccine (MIV) and the 2014/2015 TIV. Neutralization was assessed by hemagglutination and microneutralization test. IgG V H amplicons derived from peripheral blood RNA from pre-immune and 7 days post vaccination were subjected to 454-Roche sequencing. Full reconstruction of the sampled repertoires was done with ImmunediveRsity. Results: The TIV induced a predominantly homotypic neutralizing serologic response, while the 09 MIV induced a heterotypic neutralizing seroconversion in 17 % of the individuals. Both the 08/09 and the 14/15 TIV were associated with a reduction in clonotypic diversity, whereas 09 MIV was the opposite. Moreover, TIV and MIV induced distinctive patterns of IGHV segment use that are consistent with B cell selection by conserved antigenic determinants shared by the pre-pandemic and the pandemic strains. However, low somatic hypermutation rates in IgG after 09 MIV immunization, but not after 08/09 and 14/15 TIV immunization were observed. Furthermore, no evidence of the original antigenic sin was found in the same individuals after vaccination with the three vaccines.
Conclusions: Immunization with a new influenza virus strain (2009 pdmH1N1) induced unique effects in the peripheral B cell repertoire clonal structure, a stereotyped response involving distinctive IGHV segment use and low somatic hypermutation levels. These parameters were contrastingly different to those observed in response to pre-pandemic and post-pandemic vaccination, and may be the result of clonal selection of common antigenic determinants, as well as germinal center-independent responses that wane as the pandemic strain becomes seasonal. Our findings may contribute in the understanding of the structural and cellular basis required to develop a universal influenza vaccine.
Background
Influenza viruses cause seasonal outbreaks and eventually pandemics with a high cost in morbidity and mortality at a global level [1, 2] . Yearly influenza outbreaks are ascribed to the significant mutation ability of the virus. Structural variability of the viral hemagglutinin (HA) (antigen drift) [3] , the main viral antigen responsible for interaction with the sialic acid on the host's cells surface, allows viral escape from neutralization by antibodies induced by previous exposures to a particular viral strain. In contrast, pandemics are caused by the introduction of new viruses that result from genes reassortment (antigen shift), for which there is no preexisting immunity (mainly against the new HA); leading to rapid global spread [3] . Despite the enormous variability of influenza viruses, the induction of specific neutralizing antibodies through vaccination continues to be an effective intervention for seasonal influenza prevention, with the constant challenge of renewing the vaccine strain formulation every year in order to counteract the antigen drift, and the limitation of being ineffective in pandemic prevention [4, 5] .
Eighteen HA subtypes, with a protein sequence identity between 40 % and 60 %, divided into two phylogenetic groups, have been described [6] . On the virion surface, HA is trimeric, and each monomer contains a globular domain with a high mutation frequency and a stem with a more conserved structure [3] . Both natural infection and vaccination induce the production of neutralizing antibodies mainly directed against the globular domain, known as homotypic neutralizing antibodies, which are incapable of neutralizing other virus subtypes or certain drift variants of the original subtype. However, the presence of antibodies with heterotypic neutralizing capacity -that is, antibodies with the ability to neutralize several strains and subtypes of the virus -has been described in a murine model [7] , and more recently in humans [8] [9] [10] . Most of these antibodies are directed towards the HA stem, whose sequence is more conserved among virus subtypes and is essential for endosomal virion-host cell membrane fusion [3] . As for why heterotypic neutralizing antibodies do not prevail over homotypic neutralizing antibodies, and why they are not produced in all individuals in relevant amounts to provide protection remain open questions. The answer to these questions would open up the possibility of developing a universal vaccine that may prevent a significant number of virus subtypes, including new variants with pandemic potential [11] [12] [13] [14] .
Lymphocytes represent a highly diverse population at a cellular and molecular level, which is dynamically modified by selective processes resulting from the individuals' interaction with their environment [15] . The ability to produce highly specific antibodies against virtually any antigen (adaptive capacity) depends upon the generation of a large diversity of antigen receptors exposed on the surface of B cells (B cell receptor or BCR). Each lymphocyte expresses a single antigen receptor [16] . The diversity of BCRs is generated through the somatic recombination process or V(D)J recombination, which occurs independently of the antigen. Considering the multiplicity of V, D, and J segments encoded in the germ-line, their ability to combine and the junction repair processes (junction diversity), the potential diversity of the B-lymphocyte repertoire has been estimated to be 1 × 10 11 [17] . The great diversity of the B-lymphocyte repertoire implies that their interaction with the antigen induces a clonal expansion process (positive selection) resulting in the amplification of the number of clones and the production of specific antibodies against the pathogen or the vaccine in biologically relevant quantities. During T-dependent clonal selection, antigen-specific B cell clones undergo somatic hypermutation (SHM) in the V region, allowing the selection and differentiation of high affinity memory B cells, which are the biological basis of vaccination. Therefore, in order to develop a universal influenza vaccine [18] , it is essential to understand how viral diversity shapes B cell clonal selection and competition to favor or disfavor broadly neutralizing B cell clone selection.
Within the context of the recent 2009 influenza pandemic, it was surprising that the virus belonged to the A(H1N1) subtype due to the expectation of a predominance of homotypic neutralizing immunity at population level resulting from natural infection and/or vaccination with pre-pandemic H1N1 strains [19, 20] . However, crystallographic studies of the HA of the new 2009 pdmH1N1 virus revealed its structural and antigenic similarity with the H1N1 virus of the 1918 pandemic, which ceased to circulate among human populations since the 1950s [21] .
In spite of having HA of the H1 subtype, the H1 globular domain of the 2009 pdmH1N1 and seasonal pre-pandemic H1N1 viruses have diverged significantly through drift, and therefore were considerably structurally different [21, 22] . Studies in natural infection and vaccination with the 2009 pdmH1N1 strain revealed a predominant heterotypic responses directed to the HA stem, suggesting B cell selection of subdominant clones against conserved epitopes of the HA stem [23, 24] . Thus, the 2009 pandemic was a historic opportunity to longitudinally analyze the immune response in humans against a new viral strain with a high divergence in the H1 globular domain, but conserved stem structure.
In this work, we analyze the induction of homotypic and heterotypic antibody responses to vaccination with pre-pandemic 2008/2009 trivalent Influenza vaccine (08/09 TIV), followed by the 2009 monovalent influenza vaccine (09 MIV). Additionally, the peripheral blood IgG V H B cell repertoire was characterized in six individuals (born after 1950), 7 days after immunization with the 08/09 TIV, when antigen-specific plasmablast mobilization takes place [23, 25] . This repertoire was compared to that induced by a subsequent immunization with the monovalent inactivated vaccine against 09 MIV, and a third vaccination trial with the 2014/2015 TIV, which includes the 2009 pdmH1N1 HA antigen. The comparative analysis of the repertoires in the same individuals allowed the identification of common IGHV usage and signatures and somatic hypermutation pattern associated with seasonal vaccines (08/09 TIV and 2014/15 TIV) in contrast with 09 MIV.
Methods

Ethics statement
This study was conducted according to the principles expressed in the Declaration of Helsinki. The study was approved by the Research, Ethics, and Biosafety Committees of the Instituto Nacional de Salud Pública (INSP) (CI: 971), and Instituto de Diagnóstico y Referencia Epidemiológicos (InDRE). Written informed consent of all participants was obtained. 
Vaccination of volunteers and sample collection
Hemagglutination inhibition assays
Hemagglutination inhibition assays (HIA) [26] were performed in order to determine serum antibody titers against the pre-pandemic 2008/2009 A(H1N1) and H3N2 and 2009 pdmH1N1 virus strains in samples of day 0 and 30 days after the vaccination with 08/09 TIV and 09 MIV. In short, non-specific agglutinins were eliminated and serial serum dilutions were mixed with an equal amount of PBS with 8 hemagglutinating units of each viral strain. The dilution at which the tests were considered positive was 1:40. Seroconversion to the vaccine was defined as a fourfold increase in the day 0/day 30 post-vaccination titers.
Plate microneutralization tests
This assay [27] makes it possible to quantify total neutralizing antibodies against the influenza virus, not only Neutralizing titers were defined as the reciprocal of the highest serum dilution that totally neutralized the viral infection. The minimum dilution at which a test was considered positive was 1:80. Seroconversion to the vaccine was defined as a four-fold increase in the day 0/day 30 post-vaccination titers.
Generation of V H gene libraries for massive cDNA sequencing
Peripheral blood RNA was stored at -70°C, and an aliquot was used to analyze its concentration and integrity through capillary electrophoresis in a 2100 BioAnalyzer, with the Agilent RNA 6000 Pico kit (Agilent). To characterize the clonal structure of the B cell repertoire in response to 08/09 TIV, 09 MIV, and 14/15 TIV, and to avoid potential amplification biases [28] , we used 5′ RACE-PCR [29] . cDNA was generated for the V H region of the IgG compartment on day 0 (pre-immune) and 7 days after the vaccination, to coincide with the peak of circulating antigen-specific plasmablasts [23, 25] . For each V H amplicon library, 1 μg of RNA was used to synthesize cDNA. The cDNA generated had a known DNA sequence (adaptor) at the 3′ end, and the oligonucleotide (dT) sequence at the 5′ end. cDNA was used as template to produce amplicons containing the diversity generated through V(D)J recombination of the heavy chain. We substituted the TS-PCR oligonucleotide of the Matz protocol [29] for the FpAmpTA oligonucleotide, which is identical to TS-PCR except that it contains the sequence of the A adaptor, which is necessary for the massive amplicon sequencing protocol developed by 454-Roche. The gene libraries were generated using FpAmpTA together with the TBIgGHu oligonucleotide, which primes amplification specifically in the segment that encodes for exon I of IGHG (1-4) and contains adaptor B sequence required for massive sequencing. The products of the 5′-RACE-PCR reactions (500-600 bp) were analyzed by electrophoresis in agarose gels at 1.5 % and were purified from the gel using the MiniElute PCR purification kit (Qiagen). The concentration and integrity of the gene libraries were analyzed through capillary electrophoresis in the 2100 BioAnalyzer, using the High Sensitivity DNA kit (Agilent).
High throughput DNA sequencing of gene libraries
Approximately 100 ng of each of the 44 gene libraries were analyzed for clonal amplification by emulsion PCR using the 454-Roche GS emPCR kit, according to the manufacturer's instructions. The sequencing of the gene libraries was carried out using the GS FLX Titanium Sequencing kit XLR70, according to the manufacturer's instructions. This system allows the generation of sequences with an average length of 450 bp. In order to sequence at least the CDRH3 region and partially the IGHV region, the sequencing was carried out in antisense, that is, from the B adapter. Raw sequencing files were submitted to NCBI-SRA: BioProject ID: PRJNA301150; Accessions: SAMN04240435-78.
Bioinformatics analysis with the ImmunediveRsity platform
We have developed ImmunediveRsity [30] , a bioinformatics analysis platform based on the R language for the automated analysis of the structural diversity of the Blymphocyte repertoire. This data processing platform begins with quality screening. Sequence files were screened in order to exclude non-V H sequences (for example, germ-line transcripts), by mapping the human genome, reads under 200 bp and reads with an average quality value of < Q28. After quality filtering, ImmunediveRsity assigns IGHV and IGHJ segment use to each read using IgBLAST (http://www.ncbi.nlm.nih.gov/igblast/). Incorrect assignment of the IGHD segment is very common (approximately 50 % of the cases); therefore, the IGHD assignment is omitted. For every different V-J rearrangement, each read is assigned to a V H clonotype through identification of the segment encoding for CDRH3 using hidden Markov models [31] , followed by its recursive clustering with USEARCH [32] , based on length identity and a 97 % sequence identity. Because only the heavy chain variable region (IGHV) was sequenced, this method does not describe sensu stricto lineages (clonally related IGH + IGL pairs). Henceforth, we describe IGHV sensu lato lineages as the consensus generated through the recursive clustering of reads with ≥99.5 % identity that belong to the same V H clonotype, but diversified by somatic hypermutation. ImmunediveRsity output files for each sequenced library can be found at http:// 201.131.57.23:8080/influenza-project/.
Somatic hypermutation analysis
For each lineage consensus, the numbers of nonsynonymous and synonymous mutations were obtained with IMGT/HighVQuest [33] . Only productive lineages were used for random sub-sampling (670 lineages per library, which corresponds to the library with the least number of lineages). The proportion of mutations (pM-VH) was calculated as the percentage of total of mutations in V H region, excluding the CDRH3, divided by its length. To avoid non-independence effects from lineages derived from large clonotypes, SHM was also calculated in the largest lineage per clonotype from 250 randomly sampled clonotypes.
Analysis of the structural diversity of the B-lymphocyte repertoire
In order to quantify the clonal and lineage diversity, rarefaction curves [34] were plotted with growing subsamples of 1,000 reads. The Shannon-Weaver index (D SW ) (entropy) was used as a proxy to clonotype and lineage diversity [35] . For IGHV segment use analysis, differences between the pre-immune groups and at 7 days post-vaccination groups were statistically evaluated using the GraphPad Prism 5.04 software. To identify the changes induced by the corresponding vaccines, the relative frequency of unclustered reads and V H clonotypes of the post-vaccination use of IGHV segments was subtracted from the corresponding pre-immune frequency (Δ day 7 -day 0).
Principal component analysis of diversity, IGHV use, and mutation frequency
Comparisons among 2008/09 TIV, 09 MIV and 2014/15 TIV based on rarefaction analysis (d7/d0 ratio at 12,000 read sampling effort), Shannon entropy (D SW d7/ D SW d0 ratio), IGHV1-69, IGHV3-7, and IGHV4-39 use (Δ day 7 -day 0) and mutation rate at day 0 and at day 7 post vaccination for each individual were performed with a multilevel principal component analysis (PCA) [36] . Graphical representation of Component 1 (PC1) versus Component 2 (PC2), selected by the criteria of proportion of explained variance (that is, accounts for as much of the variability in the data as possible) was done with a biplot graph. This analysis was conducted using R software [37] and FactoMineR library.
Clonal expansion analysis and recombinant monoclonal antibody production
Clonal expansion using particular IGHV segments were defined as an increase of ≥3 standard deviations (SD) in the change of clonal frequency (Δ day 7 -day 0). The two biggest lineages of the largest heavy chain clonotypes of clonal expansions observed in silico were selected for experimental validation of anti-Influenza virus specificity. The sequence corresponding to the V H region flanked by EcoRI and NheI restriction sites were synthesized as gene fragments (Gblocks, IDT) and cloned in the expression vector of human antibody heavy chains pVAJO-CHG1, plasmid coding for human IgG1, as described [38] . (Fig. 2b) . The apparent inconsistency in the results of seroconversion between MN and HIA may be explained by the induction of a cross-neutralizing antibody response to HA antigenic determinants outside the HA1 domain (that is, anti-stem antibodies). These results indicate that in addition to the expected homotypic response, the 09 MIV vaccine induced in some individuals a heterotypic response, which is consistent with recent findings that 09 MIV re-stimulated B cells that recognize common antigenic determinants between 2008 A(H1N1) and 2009 pdmH1N1 [23, 24, 39] .
Sequencing the peripheral blood B cell repertoire
To structurally characterize and compare the B cell clonal response to vaccination with 08/09 TIV, 09 MIV, and 14/15 TIV, as well as to identify whether there are repertoire signatures associated to each vaccine and to the homotypic and heterotypic responses, we sequenced the V H region of IgG from total RNA of peripheral blood lymphocytes before and 7 days after vaccination in each vaccination trial. We generated a total of 778 mbp and 1.7 million sequencing reads, with an average of 17.6 mbp and 40,000 reads per V H amplicon library. The average read length was 449 ± 51 bp, which is sufficient to cover the entire V H region length. This allowed a detailed analysis of 218,910 lineages (unique heavy chain, see Materials and Methods), corresponding to an average of 4,975 V H lineages per V H amplicon library (Table 1) . See Additional file 3 for detailed repertoire metrics.
Vaccination with TIV and 09 MIV induced different responses in terms of the clonotypic and lineage diversity of the IgG peripheral blood B cell repertoire Antigen recognition in the secondary lymphoid organs involves clonal selection and diversification by SHM, which affects the clonal structure and diversity of the repertoire. To quantify the peripheral B cell clonal diversity and its modification in response to vaccination, we used in population ecology techniques to assess species richness and diversity. We expected that vaccine induced mobilization of clonally related plasmablasts displaying high levels of Ig transcription, compared to memory B cells would manifest as a rapidly saturating rarefaction curve. Indeed, as shown in and lineage diversity compared to the pre-immune sample ( Fig. 3a and d) . Conversely, vaccination with 09 MIV was associated with an increase in clonal group and lineage diversity post-vaccination ( Fig. 3b and e) . Interestingly, immunization with 14/15 TIV showed no differences between the pre-immune and 7 days post immunization ( Fig. 3c and f) . , while the black symbols stand for those for day 7 after vaccination (two-way ANOVA. *P <0.05; **P <0.01; ***P <0.001). Fluctuations above 7,000 reads in pre-immmune are due to insufficient sequencing depth in two individuals (see also Additional file 3) above 1.0 (Additional file 4, A and B). As for the 08/09 TIV trial, the D sw day 7/ D sw day 0 ratio in response to a third vaccination with 14/15 TIV was below 1.0. These results suggest that the clonal response to 08/09 and 15/15 TIV is more similar compared to 09 MIV and suggests that vaccination with 09 MIV promotes mobilization of a more diverse plasmablast population into peripheral blood.
Immunization with TIV and 09 MIV induced differential changes in the clonal frequency of B cells using IGHV1-69, IGHV3-7, and IGHV4-39
To characterize the B cell response to each vaccine in terms of the BCR structural determinants involved in recognition of common and unique antigenic determinants of the different influenza virus strains, we determined the relative frequency usage of IGHV segments as relative transcription (unclustered reads), or as their proportional usage frequency at the clonotypic level. Changes in the frequency usage were expressed as the difference between post-immunization (day 7) minus pre-immune frequencies (Δ day 7 -day 0). For the 2008/09 TIV, only IGHV1-69 and IGHV4-39 out of 47 IGHV segments analyzed, showed significant differences at the clonotypic level in response to immunization with either of the two vaccines (Fig. 4a) (two-way ANOVA. P <0.0001 and P <0.001, respectively).
In most of the analyzed individuals, the IGHV1-69 clonal frequency was the opposite according to the vaccination assay: in response to 08/09 TIV, the postvaccination clonal frequency was lower than prevaccination levels in all individuals. Conversely, the post-vaccination clonal frequency of IGHV1-69 was equal or higher than the pre-immune level in response to 09 MIV (Fig. 4a and b) . As for B cells using IGHV4-39, a similar but opposite behavior was observed, since TIV induced a clonal frequency increase, whereas 09 MIV induced a reduction ( Fig. 4a and d) .
Clonal frequency of B cells using IGHV3-7 increased significantly only in response to vaccination with 09 MIV (P <0.0001). This increase occurred due to two outlier individuals (i05 and i07), in which a high fraction of clones used IGHV3-7 (from 3 % at day 0 to 49.5 % and 3.7 at day 0 to 26 %, respectively) ( Fig. 4a and c) , occupying a large fraction of the V H transcriptome (from 2 % at day 0 to 81 % and 1.7 % at day 0 to 57 %, respectively, Fig. 4c ). To identify if allelic differences could favor the selection of some clonotypes, we identified that individuals i05 and i07 that showed clonal expansions in IGHV3-7 were heterozygous for IGHV3-7*01/IGHV3-7*03 and homozygous for IGHV3-7*01, respectively. The rest of the individuals that did not show clonal expansion in IGHV3-7 expressed were homozygous for *01 (4/13), heterozygous *01/*03 (5/13) or heterozygous for *03 (2/13). In the heterozygous individual (i05), the expanded clones corresponded to the *03 allele. Thus, at least for the IGHV3-7 segments, alleles *01 and *03 do not determine a selective clonal advantage for 09 MVI. Taken together, these results suggest that different individuals respond similarly in terms of IGHV1-69 and IGHV-4-39 segment use, in which the clonal structure of the peripheral blood B cells was modified inversely in response to both vaccines. Furthermore, the IGHV3-7 segment was markedly expanded in two individuals only in response to 09 MIV. (Fig. 1) . We observed a tendency to a reduction in the usage frequency of IGHV1-69 and IGHV3-7 ( Fig. 5a and b) . Likewise, IGHV4-39 showed a tendency to increase (Fig. 5c) .
A preferential use of certain IGHV segments and low rates of somatic hypermutation have been described in the primary antiviral response in mouse and in human models [40, 41] . Thus, we assessed the overall SHM rate in the same four individuals before and 7 days post vaccination with 08/09 TIV, followed by 09 MIV and 14/15 TIV. Increased SHM was observed 7 days post vaccination with 08/09 TIV (Fig. 6a) . Contrastingly, SHM rates were reduced 7 days post vaccination with 09 MIV (Fig. 6b) . Nevertheless, vaccination with 14/15 TIV caused SHM rates to return to the pattern observed with the 08/09 TIV (Fig. 6c) . It is possible that random sampling of lineages, particularly in those large clonotypes composed by many lineages could cause nonindependence effects that could compromise SHM accuracy. Thus, we also estimated SHM by sampling one lineage per randomly sampled clonotype. Consistent with the previous strategy, SHM were reduced post vaccination with MIV and increased post vaccination with 08/09 TIV and 14/15 TIV (Fig. 6d-f ) . Moreover, somatic hypermutation could affect differentially according to IGHV use, so we estimated SHM in expanded (IGHV1-69, IGHV3-7, and IGHV4-39) or non-expanded lineages using particular IGHV segments (IGHV1-3, IGHV3-15, and IGHV4-59). In the case of IGHV1-69, SHM rates were identical to the pattern observed for the 'bulk' analysis. For IGHV3-7, no significant differences were found. For IGHV4-39, an increase in SHM post-vaccination was significant only for TIV 08/09 (Additional file 5).
Taking together the results of clonotypic and lineage diversity, the change of IGHV use upon vaccination and the differences in the mutation rates indicate that immunization with the new virus induced a different clonal response pattern than re-immunization with seasonal variants. To prove so, a multilevel PCA was performed to search for association patterns between diversity, IGHV use, SHM rates, and vaccine type. We used the day 7/day 0 ratio of clonotype and lineages species, D sw day 7/ D sw day 0 ratio, the change of IGHV clonotype frequency (Δ day 7 -day 0) and the mean proportion (%) of all mutations, as variables for the analysis. Two components, PC1 and PC2, explained 41. two major clusters, one containing the majority of the TIV vaccinations regardless of their pre-pandemic or post-pandemic status, and the second cluster containing the 09 MIV (Fig. 7) . Thus, this non-supervised approach robustly support that repeated seasonal exposures elicit common clonal selection patterns that differ from those elicited by an exposure to a new variant.
IGHV usage signatures associated with heterotypic seroconversion include other segments than IGHV1-69
The observed changes in IGHV1-69 at day 7 post-08/09 TIV and 09 MIV immunization (Figs. 4b and 5a ) and the implication of this segment in broad influenza virus strain neutralization [18] suggested that the four individuals that developed heterotypic seroconversion upon 09 MIV immunization would display IGHV1-69 clonal expansions. Thus, we split the 09 MIV trial in two groups according to their heterotypic and homotypic seroconversion response. Only one individual (i04) with positive heterotypic seroconversion had clonal expansion of the IGHV1-69 (>3 standard deviations) ( Fig. 8a and c ). Another individual (i11) also had positive heterotypic seroconversion and an expansion in IGHV1-69, however did not reach >3 standard deviations selection threshold. The remaining two individuals with heterotypic seroconversion showed individual expansions of segments IGHV4-39 (i12) and IGHV3-33 (i13), respectively ( Fig. 8a  and c) . As for the individuals who did not undergo heterotypic seroconversion, segment IGHV1-69 was expanded in two out of seven individuals ( Fig. 8b and d) . Two individuals (i10 and i01) also showed expansions in segments IGHV3-23 and IGHV4-30-2, respectively ( Fig. 8a and c, Additional file 6 ). The Phe60 in the CDRH2 of IGHV1-69 has been implicated in the neutralizing activity of some anti-HA stem antibodies [18, 42] . We did not find any correlation between the presence of Phe60 and clonal expansion nor heterosubtypic seroconversion (Additional file 7). Taken together, these results suggest that IGHV1-69 clonal expansions do not correlate exclusively with the heterotypic response, and allowed us to identify IGHV segments other than IGHV1-69 that may be involved in the heterotypic seroconversion.
Another hypothesis that could be tested under our experimental design is the original antigenic sin (OAS) hypothesis, which states that subsequent antibody responses to new viral strains are dominated by antibodies with higher affinity for the original immunizing variant [43, 44] . We searched for identical V H clonotypes shared by the same individual at day 7 post vaccination with 08/09 TIV, 09 MIV, and 14/15 TIV (n = 4 individuals; four possible comparisons: 08/09 TIV vs. 09 MVI, 08/09 TIV vs. 14/15 TIV, 09 MVI vs. 14/15 TIV, and 08/09 (Fig. 8b and d) . This finding is consistent with the new 2009 pdmH1N1 virus selecting B cells specific for shared epitopes with the pre-pandemic virus. However, we found no evidence supporting OAS.
To prove that the observed clonal expansions associated with heterotypic and homotypic seroconversion were influenza virus-specific, we selected the largest clone of IGHV1-69 (i04), IGHV3-33 (i13), and IGHV4-39 (i12) (heterotypic seroconvertants), and IGHV3-23 (i10, homotypic seroconvertant) clonal expansions to produce the corresponding recombinant monoclonal antibody. In the case of IGHV1-69, the clonotype shared at day 7 post immunization with 08/09 TIV and 09 MIV was selected (i04.1-69_3). As no information regarding the in vivo corresponding IgL pair, IgL genes derived of published mAbs were used for co-transfection (Additional file 1). The characteristics of the recombinant mAbs are described in Fig. 9a . The IGHV1-69, IGHV3-33, and IGHV3-23 antibodies were positive against 09 MIV by ELISA. The i04.1-69_3 mAb (IGHV1-69) reacted with both 08/09 TIV and 09 MIV and gave stronger signals than the pan-influenza FI6 mAb [45] . The IGHV3-23 reacted against 08/09 TIV with higher relative affinity than to 09 MIV (Fig. 9b and c) . No reactivity against 09 MIV was found for IGHV4-39 paired with any of the light chains tested (Fig. 9) . Previous work aiming at the characterization of the B cell repertoire in response to influenza vaccination using high-throughput sequencing revealed the power of this approach in understanding clonal structure, mutation patterns, the influence of age, and structural convergence [46] [47] [48] [49] . In this work, we compared in the same four individuals, B cell clonal responses to seasonal pre-pandemic 08/09 TIV, pandemic 09 MIV, and seasonal post-pandemic 14/15 TIV applied during a 5-year period. Since the study was initiated right at the seasonal to pandemic transition (May, 2009), we could be certain that the initial group of TIV vaccinees were naïve for the variants [50] , as was confirmed in this study (Fig. 1 , Additional file 2). By means of the bioinformatics analysis of the sequences of the V H region and the application of analytical and statistical methods oriented to filter the 'noise' (inherent to the repertoire in individuals with a history of exposure to different antigens), we identified consistent response patterns between both TIV (pre and postpandemic) vaccines, that were clearly different to the pattern elicited by 09 MIV. In order to estimate the diversity and heterogeneity, we applied approaches derived from population ecology to the study of the 'lymphoid micro-ecosystem' [34, 35] . Both, the pre-pandemic 2008/ 09 and the post-pandemic 2014/15 vaccines induced a reduction of the post-vaccination clonal and lineage entropy with respect to its pre-immune value, which could be explained by the numeric expansion and selection of a reduced group of high Ig-expressing plasmablasts ( Fig. 3 and Additional file 4). Similar results were obtained for the TIV by measuring the clonality index derived by multiple sampling [49, 51] . An important finding of this work, supported by the rarefaction analysis and estimates of the D SW indices, is the paradoxical increase in the clonal and lineage diversities in the postvaccination repertoire induced by the 09 MIV, suggesting a highly diverse clonal mobilization of B cell clones toward the peripheral blood as consequence of the exposure to the new virus, for which memory B cell responses are lacking. Interestingly, in a third vaccination with 14/15 TIV there was no difference between pre and post-immunization rarefaction curves (Fig. 3) . Moreover, the D SW indices in 14/15 TIV resembled that of the 08/09 TIV (Additional file 4), suggesting that the clonal response to repeated seasonal immunizations with TIV tends to return to the pre-pandemic pattern.
Discussion
The frequency of IGHV1-69 segment use was reduced after vaccination with TIV ( Fig. 4a and b) . This is noteworthy, because this segment has been described in heterotypic neutralizing antibodies that bind the HA stem of various influenza subtypes, independently of the light chain (VL) and CDRH3. This atypical recognition depends, at least partly, upon the presence of the CDRH2 encoded Phe60 in the germ-line IGHV1-69 segment, allowing essential hydrophobic interactions with the region of the HA stem, which takes part in the fusion of the membranes during the infection process, and is highly conserved in various influenza virus subtypes [10, 18, 24, 42, 52, 53] .
The reduction in the use of IGHV1-69 in response to TIV and the lack of shared IGHV1-69 clonotypes after 09 MIV vaccination (Fig. 4a and b) could imply that the IGHV1-69 expressing B cells are displaced by clonal competition with clonotypes directed against the immunodominant epitopes of the HA globular domain. Accordingly, we observed that TIV promoted the expansion of the use of IGHV4-39, a segment involved in the recognition of the HA globular domain and with homotypic neutralization capacity [23, 24] (Fig. 4a and d) . Further repertoire analysis in four individuals exposed to two post-pandemic TIV (2012-13 and 2014-15) revealed a trend of IGHV1-69 and IGHV4-39 usage towards the pre-pandemic pattern. Because the globular domain of 2009 pdmH1N1 is very different from that of prepandemic H1N1 strains (approximately 40 % identity), our repertoire mining results and experimental validation with recombinant mAbs are consistent with previous work indicating that vaccination with 09 MIV produced a positive selection of IGHV1-69+ B cells [23, 24, 39] , thus accounting for the differences in the cross reactivity induced by the two vaccines. Alternatively, IGHV1-69 expressing B cells deletion as the result of 08/09 TIV immunization, as in transgenic mice expressing an anti-influenza virus BCR [4] cannot be ruled out.
The increase in the clonal frequency of IGHV3-7 was observed in some individuals only in response to 09 MIV ( Fig. 4a and c) . This segment has been involved in the homotypic neutralization of 2009 pdmH1N1 and the 1918 A(H1N1) viruses, through recognition of the globular domain, evidencing the structural similarity between both pandemic viruses [48, 49] . Accordingly, an increase in the clonal frequency of IGHV3-7 was observed in participants with homotypic neutralization, but not in individuals that showed heterotypic neutralization (Figs. 4, 5, and 8) .
Also noteworthy is the finding that 09 MIV was associated with lower levels of somatic hypermutation, measured as the proportion of SHM in the V H region per lineage. This effect contrasted with the increase of SHM proportion 7 days post vaccination with both 2008/09 and 2014/15 TIV. Low SHM rates are characteristic of rapid T-cell independent antiviral IgG responses in mice [40] and humans [41] . Accordingly, the expansion of IGHV1-69 as a result of 09 MIV immunization together with low SHM rates may indicate an extra-follicular or germinal center-independent IgG B cell response that contributes to cross-reactivity in addition to a recall response towards common antigenic determinants shared between the pre-and the pandemic influenza strain.
Although the analysis of IGHV usage frequency revealed information that it is relevant to understand the response of the B cell repertoire to seasonal and pandemic vaccines, the absence of correlation between the frequency of IGHV1-69 and heterotypic seroconversion is consistent with the finding that other IGHV segments may participate in heterotypic neutralization. Accordingly, we identified a IGHV3-33 expansion in one individual that presented heterotypic seroconversion ( Fig. 8b and d) . The IGHV3-33 segment shares a high sequence identity to IGHV3-30 used in the pan-influenza FI6 broadly neutralizing antibody [45] . We have demonstrated that the observed clonal expansions are indeed, influenza virus specific (although not necessarily neutralizing) and in the case of the i04.1-69 IGHV1-69 antibody, we demonstrated its reactivity to both 2008/09 TIV and 09 MIV.
Our results indicate that the application of vaccines with the 2009 pdmH1N1 virus whose HA had not circulated among the population for decades induced the production of antibodies against common antigenic determinants of the influenza virus that account, at least partially, for the heterosubtypic seroconversion and possibly for the cross-reactivity against various influenza virus subtypes. No evidence of OAS was found 7 days post immunization with the tested vaccines, although we cannot rule out that dominant clontoypes for the first vaccine that could be suboptimally expanded by MIV and TIV 14/15 were missed due to insufficient sequencing depth. Moreover, the low rates of somatic hypermutation as a result of 09 MIV immunization, as compared to TIV, could indicate an 'innate' extrafollicular response lead by non-antigen experienced B cells [54] and that contributes to the cross-reactivity induced by 09 MIV immunization or natural infection with 2009 pdmH1N1.
Research on the structural complexity of the repertoire of B cells in response to the structural complexity and variability of influenza viruses may contribute to evaluate experimental vaccines in terms of clonal competition, and for the identification of those epitopes that induce broadly neutralizing antibodies required for a universal vaccine capable of preventing infections by a large number of virus subtypes, including new variant viruses with pandemic potential.
Conclusion
Immunization with different influenza viral strains produce distinctive effects in terms of cross-neutralization and the peripheral B cell repertoire, which are related with the degree of exposures to such variants. The factors that appear to contribute to this effects are the existence of conserved epitopes within different viral strains, however other factors such as a primary nongerminal center differentiation pathway against the new variants may also play a role. 
